Even the simplest microbial-eukaryotic mutualisms are comprised of entire populations of symbionts at the level of the host individual. Early work suggested that these intrahost populations maintain low genetic diversity as a result of transmission bottlenecks or to avoid competition between symbiont genotypes. However, the amount of genetic diversity among symbionts within a single host remains largely unexplored. To address this, we investigated the chemosynthetic symbiosis between the bivalve Solemya velum and its intracellular bacterial symbionts, which exhibits evidence of both vertical and horizontal transmission. Intrahost symbiont populations were sequenced to high coverage (200-1,000Â). Analyses of nucleotide diversity revealed that the symbiont genome sequences were largely homogeneous within individual host specimens, consistent with vertical transmission, except for particular regions that were polymorphic in $20% of host specimens. These variant sites were also found segregating in other host individuals from the same population, colocalized to several regions of the genome, and consistently co-occurred on the same short read pairs (derived from the same chromosome). These results strongly suggest that these variant haplotypes originated through recombination events, potentially during prior mixed infections or in the external environment, rather than as novel mutations within symbiont populations. This abundant genetic diversity could have a profound influence on symbiont evolution as it provides the opportunity for selection to limit the extent of reductive genome evolution commonly seen in obligate intracellular bacteria and to enable the evolution of adaptive genotypes.
Introduction
Mutualistic symbiotic interactions have enabled a large number of taxa to occupy novel niches through partnering eukaryotic structural complexity with bacterial physiological capacities (Moya et al. 2008; Cavanaugh et al. 2013; Fl orez et al. 2015) . These associations range from single bacterial taxa to complex communities living with eukaryotic hosts (McFall-Ngai et al. 2013) . Symbionts and hosts cooperate to grow and reproduce, however large disparities exist between their population structures and generation times. Even associations between just one host and one bacterial strain can reach densities of 10 6 to 10 12 symbiont cells within a single host individual (Komaki and Ishikawa 2000; Wollenberg and Ruby 2009; Cavanaugh et al. 2013; Klose et al. 2015; Duperron et al. 2016; Sender et al. 2016) . Further distinguishing symbiont life histories from that of their hosts, bacteria undergo multiple generations within each host generation to divide and populate tissues (McFall-Ngai 2014; Zhang et al. 2016) . Thus, symbionts experience evolutionary pressures on different time scales than their hosts.
Symbiont populations within host tissues have the potential to exhibit high diversity due to their large sizes and the acquisition of mutations during reproduction within the host. This genetic variation provides the material for selection to potentially act during the host's lifespan. Two processes can generate genetic diversity in these intrahost symbiont populations: de novo mutation and mixed infections. De novo mutations in an originally clonal population may be lost, retained, or fixed in the population (e.g., clonal interference [Lang et al. 2013] ). Infections involving more than one "species" of bacteria are termed coinfections, whereas mixed infections involve multiple genotypes of one symbiont "species." Numerous symbiotic systems exhibit coinfections. These range from two-member associations, such as Bathymodiolus mussels, in which two different gammaproteobacteria, a methanotroph and a hydrogen/sulfide-oxidizer, coexist within gill cells (Distel et al. 1995; Petersen et al. 2011) , and Osedax worms, in which two dominant symbiont types inhabit the trophosome (Goffredi et al. 2014) , to microbiomes, e.g., the human gut microbiome, which consist of tens to hundreds of bacterial taxa fulfilling particular niches (Costello et al. 2012; Rey et al. 2013; Coyte et al. 2015) . These infections may be stable over time, or may be dynamic with new migrants from other symbiont populations introduced via horizontal transmission events. Recombination among different symbiont genomes and de novo mutation both have the potential to generate genetic diversity in symbiont populations contained in host cells and tissues, as illustrated in figure 1.
Despite these sources of variation, symbiont populations within a single host are often thought to be clonal or have extremely low genetic diversity (e.g., Woyke et al. 2010 ). This hypothesis is theoretically plausible for two reasons. First, given that symbionts must colonize hosts via horizontal transmission through the environment or vertical transmission from a parent, low symbiont diversity may be a byproduct of a transmission bottleneck in which only a few symbionts colonize the host (Wollenberg and Ruby 2009; Kaltenpoth et al. 2010; Stephens et al. 2015; Didelot et al. 2016 ; Grubaugh et al. 2016 ). However, some associations are inoculated by a relatively large number of symbionts, (ii) When a horizontal transmission event occurs, all variant sites in the novel symbiont (pink) are at the frequency of that haplotype in the population. (iii) If recombination occurs between the two genotypes in the mixed infection, the recombinant genotype (pink tract in black haplotype) may be inherited by the next generation of host, and will have a number of variant sites proportional to the length of the recombinant tracts (dashed lines) at a frequency equal to that of the recombinant haplotype in the intrahost population. (B) Horizontal transmission followed by vertical inheritance of the resulting intrahost symbiont population can result in any of the six shown population compositions, with AFS similar to i-iii in A as indicated. Russell and Cavanaugh . doi:10.1093/molbev/msx188 MBE yet result in low within-host diversity due to the low diversity of the source population. This is often the case in vertical transmission, where hundreds or thousands of symbionts are inherited, however diversity is low because population sizes are restricted to the capacity of host tissues and undergo a bottleneck at every host generation (see Mira and Moran 2002; Kaltenpoth et al. 2010) . Second, low intrahost diversity may be maintained by the host to prevent competition among symbiont genotypes, as has been proposed for mitochondria (see Greiner et al. 2014) . Genetic diversity is potentially damaging to a host because selection can act on standing genetic variation to produce phenotypes with higher reproduction rates, generating competition among symbionts and resulting in virulence via redirection of energy from host-beneficial functions or direct damage to the cells or tissues (e.g., as in malaria (de Roode et al. 2005 ) and see Frank 1996; Vautrin et al. 2008; Bennett and Moran 2015) . Thus, both bottleneck and competition mechanisms may be important in controlling the amount of genetic diversity in microbial mutualisms.
Genetic diversity within bacterial populations has been historically difficult to analyze because individual symbionts are pooled together within and among host tissues, making it difficult to isolate and identify individual genotypes. The first investigations of bacterial diversity were reliant on microscopy, which is severely limited due to the low morphological diversity exhibited among bacteria (van Leeuwenhoek 1800; Siefert and Fox 1998; Young 2007) . Later attempts to characterize bacterial communities relied on culture-dependent techniques that are now well known for grossly underestimating bacterial diversity, as typically <1% of bacteria are culturable (Amann et al. 1995; Pham and Kim 2012) . With the development of the 16S rRNA gene as a marker for microbial diversity (Lane et al. 1985) and the invention of Sanger DNA sequencing, bacterial communities could be characterized based on marker loci amplified by PCR and cloned to isolate sequences from individual bacterial chromosomes (Hugenholtz et al. 1998) . However, these investigations were limited in their ability to detect genetic diversity across the genome (limited number of loci amplified) and within bacterial communities and populations (limited number of clones sequenced), thus also underestimating bacterial genetic diversity (e.g., Reuter and Keller 2003; Luyten et al. 2006; Fay and Weber 2012; Weigel and Erwin 2016) . Next generation sequencing (NGS, e.g., Illumina) now provides the sequencing depth and breadth, i.e., across the whole genome, needed at a relatively low cost to overcome these historical barriers to characterizing bacterial genetic diversity (e.g., Worby et al. 2014; Sim et al. 2015; Walter et al. 2016) .
The obligate symbiosis between the protobranch bivalve Solemya velum and its chemosynthetic gammaproteobacterial gill symbionts presents an excellent system to assess the diversity of bacterial symbionts within host individuals (Stewart and Cavanaugh 2006) . S. velum occurs in reducing mudflats along the eastern coast of North America, from the intertidal to subtidal zone, where it digs Y-shaped burrows that allow access to sulfide from pore water below and oxygenated seawater from above (Stanley 1970) . The symbionts reside within gill epithelial cells (bacteriocytes, fig. 2A ), where they oxidize sulfide to synthesize ATP and fix carbon dioxide. The host is reliant upon symbiont autotrophy, having a highly degenerated gut and acquiring the majority of its nitrogen and carbon from its symbiont metabolism (Stewart and Cavanaugh 2006) . Within S. velum, symbiont populations reach 1.2 6 0.4 Â 10 9 symbiont cells per gram of wet gill tissue (Cavanaugh 1983) and are comprised of a single 16S rRNA phylotype ). This symbiosis is vertically transmitted (Krueger et al. 1996) with occasional horizontal transmission events , providing the opportunity for both de novo mutation and symbiont admixture to generate intrahost diversity.
S. velum symbiont populations are nested: populations of symbionts occur within host individuals (intrahost), between hosts within a geographic locality (interhost symbiont subpopulation), and between hosts from different localities (interhost symbiont metapopulation; see fig. 2A ). Furthermore, symbionts exhibit highly structured diversity between hosts from different subpopulations . The complicated structure of these symbiont populations allows the information contained in the genetic variation to be leveraged across these scales. Additionally, host mitochondria have been shown to be clonal due to maternal transmission , providing a homogeneous internal control for intrahost symbiont genetic diversity.
To analyze the genetic diversity of S. velum symbionts within host tissues, we employed a population genomics approach. We obtained high coverage whole genome data for symbiont populations from gill tissues. Mapping Illumina reads to the symbiont reference genome (Dmytrenko et al. 2014 ) allowed us to analyze nucleotide diversity across the genome and to calculate allele frequency spectra (AFS) for each population of symbionts from individual hosts. These analyses revealed striking evidence of genetic diversity that appears to be due to mutation as well as mixed infections with recombination. S1A and B, Supplementary Material online). Plotting the AFS (described below) for each subsample revealed that intermediate-frequency variants are detected at lower coverages (supplementary fig. S1C , Supplementary Material online). Given this finding, additional specimens that were sequenced at 50Â or higher coverage in Russell et al. 2017 were analyzed to better estimate the rate of intermediate frequency variation in intrahost symbiont populations (supplementary fig.  S2 , Supplementary Material online). The results of those analyses are included below, however it should be noted that the lower bound of the AFS is truncated in these samples because the lower sequencing coverage prevented confidently calling alleles with frequencies much lower than 10% (i.e., 5 out of 50 reads).
Results

Deep
Intrahost Symbiont Diversity Is Common
In the majority of intrahost populations, average pairwise nucleotide diversity was an order of magnitude lower than that found in interhost symbiont subpopulations. However specific regions of the genome exhibited elevated levels of diversity ( fig. 2B and C and table 1). Many of these variable sites correspond to segregating sites detected between hosts within a geographic subpopulation, suggesting that the diversity within a host may be influenced by the diversity found between hosts, e.g., via horizontal transmission.
FIG. 2.
Pairwise diversity along the genome of the S. velum bacterial symbiont at inter-and intrahost population levels. S. velum specimens were collected from five geographic localities, marked by colored dots, and sequenced in Russell et al. (2017) . (A) Schematic of the nested population structure of the S. velum symbionts. I. Interhost metapopulation: S. velum occurs as a metapopulation, with subpopulations located along the coast that are genetically clustered by habitat . Colored dots mark the collection localities. II. Interhost populations: Within each subpopulation, symbionts are genetically diverse among hosts. III. Intrahost populations: Within each host individual, an entire population of symbionts ($10 9 cells/gram) resides intracellularly within gill epithelial tissue. (B, C) Pairwise nucleotide diversity (p) in 10 kb nonoverlapping windows along the symbiont reference genome for interhost consensus sequence comparisons ) within a subpopulation (B) and intrahost comparisons (C). Colors indicate locality as in (A). Gray vertical lines mark breaks between symbiont reference genome scaffolds. Number of samples used in each calculation (n) are given for each plot. Russell and Cavanaugh . doi:10 .1093/molbev/msx188 Columns describe intrahost genetic diveristy for entire intrahost populations (all sites), describe the subset of intrahost segregating sites found in symbionts from other host individuals (S interhost metapopulation), and the subset of these interhost sites specific to the sample's subpopulation (S interhost subpopulation). For allele frequency spectra (AFS) containing modes at intermediate allele frequencies (AF), the number of sites contained within each mode are shown (AFS Modes). An allele frequency spectrum (AFS) is a population genetic summary statistic that reveals information about the demographic processes that have occurred in a population, such as population size changes, migration, substructure, and selection (Galtier et al. 2000; Nielsen 2005) . Variants that arose by mutation while populating the gill will be at very low frequency, and should not be segregating in the interhost symbiont population under both infinite-and finite-sites models of mutation (Hudson 1983; Yang 1996) . In contrast, genetic variation that arose by mixed infection would be segregating in symbiont populations from different hosts (esp. in the same geographic locality) and may be at intermediate frequencies in the host. Visual inspection of the symbiont AFS for each host specimen revealed that some intrahost populations exhibit multimodal frequency distributions (e.g., fig. 3A , B, and G). In all deeply sequenced specimens, low frequency alleles were at highest abundance and were not segregating between hosts (gray bars in fig. 3 and supplementary fig. S2 plots, Supplementary Material online), although we cannot rule out that some low frequency alleles are segregating at low frequency between hosts, preventing their detection. Some specimens also exhibited an abundance of alleles at intermediate frequencies, which were comprised almost entirely of interhost segregating sites from the specimen's subpopulation (colored bars in fig. 3 and supplementary fig. S2 plots, Supplementary Material online). For the purposes of discussion, we define intermediate frequency allele modes to have a mean of 10-50% with a distribution distinct from the low frequency variants. In particular, the two specimens from Massachusetts, MA16 and MA18, three specimens from Rhode Island, RI53, RI47, and RI51, and two specimens from North Carolina, NC10 and NC18, exhibited intermediate frequency modes. Some specimens exhibited a potentially lower-frequency mode consisting of interhost segregating sites overlapping the low frequency tail of the distribution (e.g., fig. 3 Russell and Cavanaugh . doi:10.1093/molbev/msx188 MBE Supplementary Material online]). Most of these frequency peaks contained fewer segregating sites than occur on average between symbiont interhost haplotypes (table 1 and fig. 2C ).
MBE
Simulated Data
We simulated mixed infections to ground our expectations for what the shape of the within-host symbiont AFS should look like under this demographic scenario. A mixed infection should manifest as multimodality in the AFS, reflecting the number of variant sites between the resident and new genome as well as the relative frequencies of each genome in the intrahost population (as depicted in fig. 1 ). This is indeed what we observed in the simulated mixtures ( fig. 3N and O and supplementary fig. S3 , Supplementary Material online). The mean allele frequency for each frequency mode was equal to the smaller proportion of the mixture, i.e., a 30/70 mixture had a mean of 0.3. The height of each frequency mode was proportional to the divergence between the genomes, with more divergent genomes exhibiting larger numbers of variant sites in the mode. Highlighting variant sites known to be segregating between the mixed genomes showed that the modes were comprised of these alleles (yellow bars in fig. 3N and O and supplementary fig. S3 , Supplementary Material online). Comparing simulated datasets generated with and without sequencing errors revealed that some, but not all, of the low frequency tails in the AFS were due to sequencing or alignment errors (supplementary fig. S3 , top two panels, Supplementary Material online). Seeing this tail in unmixed, sequencing errorfree alignments indicated that alignment errors also contributed to this low frequency peak (supplementary fig. S3 , bottom panel, Supplementary Material online). The fact that these errors made it through the stringent filters and were called as variants suggests that systematic errors (e.g., repetitive regions of the genome that are difficult to align to) are difficult to distinguish from low frequency allelic variants in these intrahost populations.
It is important to note that the allele frequency modes were more completely comprised of sites known to be segregating between hosts in simulated data than in specimen data because known haplotypes were combined in the simulated mixtures. This can be seen as a difference in the proportion of colored bars in the frequency modes of the AFS. In the real data, some variant sites in the frequency modes are likely segregating in other host individuals, but have not yet been sampled. For example, only nine host individuals were sequenced from MA in Russell et al. 2017 , making it unlikely that all variation found in MA was detected (see also supplementary fig. S1 , Supplementary Material online).
Alleles at Similar Frequency Are Present on the Same Chromosomes
The variant sites contained in the allele frequency modes that segregate in other hosts are not randomly distributed along the genome, but group in haplotype blocks and colocalize to the same read/read pair (i.e., chromosome) more than would be expected by chance (table 1,supplementary fig. S4 , and table S3, Supplementary Material online). Given that these different haplotypes both occur in otherwise extremely homogeneous genomes, indicates that one arose by recombination. We define haplotype blocks to be sets of variant sites correlated in allele frequency and position along the genome that are present (linked) on the same chromosome. Two measures of haplotype linkage on reads were calculated from the data: 1) the proportion of reads with a significantly associated haplotype, in which the alleles cooccur more/less often than expected by chance (chi-squared P value < 0.05; labeled "significant" in fig. 4B and supplementary table S3 , Supplementary Material online) and 2) the proportion of reads with all possible variant sites within the aligned region (labeled "full support" in fig. 4B ).
There are four possible pairwise outcomes of these metrics. If both 1 and 2 are high (near 100%), then support is high for all variant sites tested being in the same haplotype. If 2 is high and 1 is low (<90%), most sites tested are likely on the same chromosome, but the associations are insignificant because the minor alleles are near 50% frequency, making it challenging to estimate the expected allele phase based on allele frequencies (e.g., NC18 in fig. 4 ). If 1 is high and 2 is low, then some, but not all, of the tested sites are likely linked on a chromosome (e.g., 5% allele frequency in NC12 in fig. 4 ). Lastly, if both 1 and 2 are low, then the extracted alleles are likely not from the same chromosome (e.g., 45% allele frequency in NC2 in fig. 4 ). The majority of frequency classes exhibited high values for both measures 1 and 2, indicating that these alleles likely localize to the same chromosome. Variant sites extracted from specimens without multiple allele frequency modes exhibited a wider range of patterns, suggesting that only some of these sets represent complete haplotypes in the host (supplementary table S3, Supplementary Material online).
Some Variants May Be Functionally Significant
Identifying the genes in which variant sites occur suggested that some polymorphisms might confer a functional change in symbionts within host gill tissue. Across 29 intrahost symbiont populations, 1,875 genes exhibited variation within a host. Of these, 20 had variant gene sets that were enriched for GO terms (table 1 and supplementary table S4 , Supplementary Material online), and these sets were partially overlapping among individuals (supplementary fig. S4A , Supplementary Material online). In contrast, of the 12 populations that exhibited multimodal allele frequencies, only four had modes with variant gene sets enriched for GO terms (table 1 and supplementary table S4 , Supplementary Material online). Genes exhibiting variability in interhost symbiont subpopulations were enriched for several GO terms, and many were consistently observed between different localities (supplementary table S4 and fig. S4B, Supplementary Material online) .
Functional enrichment at each of these nested levels (i.e., distinct haplotypes [frequency mode] within a host individual [intrahost population], living in a geographic subpopulation of hosts [interhost subpopulation]) was likely independent of the level above it because different sets of terms were enriched at each level. For example, the most enriched functions within intrahost populations were transporter, channel, and porin activities ( fig. S4C, Supplementary Material online) , whereas the most abundant functions between-host Intrahost Genetic Diversity of Bacterial Symbionts . doi:10.1093/molbev/msx188 MBE populations were transposition and DNA recombination and integration (see supplementary table S4, Supplementary Material online for P values). In contrast, there was no consistent trend in GO terms among intrahost frequency modes.
The average dN/dS for coding sequences in the S. velum symbiont reference genome relative to its closest relative, the S. elarraichensis symbiont, was 0.1118. Of the 318 stringently called orthologs between the S. velum and S. elarraichensis genomes, 305 had dN/dS values significantly different from one, which is indicative of selection at these loci (supplementary table S5, Supplementary Material online). 200 of these genes were also found variant in symbiont populations within host individuals, all of which exhibited negative dN/dS values, suggesting that these may be experiencing purifying selection to maintain gene function, e.g., as has been hypothesized for earthworms (Kjeldsen et al. 2012 ).
Discussion
The relative abundance of genetic diversity in intrahost symbiont populations has been a topic of much speculation (e.g., Frank 1996; Luyten et al. 2006; Vautrin et al. 2008; Wollenberg and Ruby 2009; Woyke et al. 2010; Li et al. 2013 ), but has been infeasible to examine robustly until very recently. Symbiont cells are pooled together within or among host cells, making these populations technically difficult to sample. Furthermore, low genetic variation within populations of bacteria makes selecting informative genetic markers difficult. The recent advent of low-cost short-read sequencing technologies, such as the Illumina HiSeq platform used in this study, have provided a means to sample intrahost populations deeply across symbiont genomes. Our study clearly demonstrates the utility of these methods for examining such, revealing evidence of intrahost symbiont diversity driven by both de novo mutation and mixed infections. With NGS, studies such as ours are now possible and will provide rapid advances in our understanding of the dynamics and evolution of intracellular symbionts, ranging from pathogens to mutualists.
The Shape of Intrahost Genetic Diversity
Populations of S. velum symbionts within single host specimens were found to contain substantial genetic diversity through high depth-of-coverage whole genome sequencing. The amount and patterns of diversity varied widely between intrahost populations, from few low frequency variants to numerous intermediate frequency variants (fig. 2C ). Closer examination of the AFS for intrahost populations revealed multimodal distributions enriched in variant sites segregating Russell and Cavanaugh . doi:10.1093/molbev/msx188 MBE between hosts (fig. 3A, B, and G and supplementary fig. S2B , C, N, and P, Supplementary Material online), consistent with patterns observed in simulated mixed infections ( fig. 3N  and O and supplementary fig. S3 , Supplementary Material online), as well as in mixed infections of Borrelia burgdorferi (Walter et al. 2016) . Alleles from these distributions were found on the same reads far more often than expected by chance, indicating that they form distinct haplotypes. While distantly located variant sites more than an Illumina library insert length apart (ca. 350 bp, see table 1) could not be tested, the correlation between position and allele frequency over short distances detected in the read data suggests that most variant sites in a frequency mode are linked. While the majority of low-frequency variation is likely due to de novo mutation, some variants may have arisen via mixed infection with alleles at low frequency in the interhost population. These lines of evidence strongly suggest that multiple distinct symbiont haplotypes coexist within a host individual. Thus, either the intrahost symbiont populations are not yet at equilibrium or the different haplotypes do coexist and have found a way to not compete, or perhaps even cooperate (Mouton et al. 2003; Vautrin et al. 2008; Gold et al. 2009; Abkallo et al. 2015) .
Collectively, these data suggest that horizontal transmission events have shaped the genetic structure of S. velum symbiont intrahost populations. It is extremely unlikely that the alleles at intermediate frequencies in S. velum intrahost populations could have arisen by de novo mutation for three reasons: 1) The overall number of variant sites found should be extremely low if all or most are attributable to mutations that occurred while dividing during host development (Lynch 2010) . 2) Random mutations would occur in different genomes, so the majority of variant sites would not be expected to occur on the same chromosome. 3) In general, if variant sites were generated by mutation, they should rarely occupy the same position as sites found in other hosts in the population (Hudson 1983) . In contrast, variant sites acquired from mixed infections will be comprised of sites segregating between host populations, as we observed in many of the S. velum specimens and in the simulated data. The intrahost populations also exhibited an abundance of mutations at the second lowest frequency class (1% above lowest detected frequency bin), compatible with the demographic model of a single recent bottleneck event (Luikart et al. 1998) , indicating that additional demographic or selective effects are also needed to explain these data. Interestingly, the intrahost AFS resemble allele frequencies shaped by admixture between symbiont populations (Falush et al. 2003) , illustrating the similarity between migration and mixed infection processes.
The population genetic structure seen in intrahost symbiont populations of S. velum appears to be a mixture of vertically transmitted and recombinant haplotypes. While a process such as diversifying selection could produce discrete haplotypes in an intrahost population, horizontal transmission with recombination is supported by finding alleles in intrahost populations 1) at intermediate frequency that can be found in other host individuals from the same locality ( fig.  3) , 2) that colocalize along the symbiont genome ( fig. 4A) , and 3) are present on the same chromosomes (haplotypes, fig.  4B ), which are linked to the remainder of the invariant symbiont genome. That only fragments of the introduced symbiont genome are left in the intrahost population suggests that horizontal transmission and recombination events occurred in previous host generations, and subsequently vertical transmission homogenized genetic diversity in the population. As modeled in figure 1 , the haplotype block genetic structure shown in figure 4A may have been produced by mixed infection events followed by recombination and inheritance. The recombinant chromosomes may ultimately go to fixation, become lost, or be maintained by diversifying selection on the haplotypes.
The variability of intrahost population diversity among specimens collected from the same locality suggests that these mixed infections are more recent than the migration events that brought the ancestors of these hosts to their habitats. It is also possible that recombinant symbiont genotypes may occur in the environment, in which case these could be examples of mixed infections in the sampled generation. It is not entirely clear whether the S. velum symbionts exist outside the host, as preliminary studies found only extremely low numbers in sediment and seawater from their habitat (Russell 2016) . However, the fact that they undergo frequent horizontal transmission events suggests that opportunities for encounters in the environment exist. More information is needed about the life history of the S. velum symbionts to distinguish these alternative explanations.
Sources and Sinks of Intrahost Variation
The questions of how intracellular symbionts are capable of horizontal transmission, recombination, and inheritance of variant genotypes are important to understanding the mechanistic basis of this interaction. Novel symbionts may enter adult gills via phagocytosis, as has been reported for the horizontally transmitted chemosynthetic symbionts of the bivalve Codakia (Gros et al. 1998) and Wolbachia endosymbionts of Drosophila melanogaster. (White et al. 2017) . Alternatively, horizontal acquisition may occur earlier in development. For example, hydrothermal vent tubeworms have been shown to acquire their symbionts through their tegument after settling on the seafloor and undergoing metamorphosis (Nussbaumer et al. 2006) . Following horizontal transmission, homologous recombination could take place within host cells via uptake of DNA from lysed symbiont cells or conjugation (Halkett et al. 2005) . Recombination within a host has been reported for a range of bacterial pathogens (e.g., E. coli, Streptococcus pneumoniae [Didelot et al. 2016] ). Alternatively, recombination could occur between symbiont lineages out in the environment prior to colonization of host tissues, potentially mediated by phages in addition to DNA uptake or conjugation (Frost et al. 2005; Rosen et al. 2015; Russell et al. 2017 ).
Genetic variation acquired or generated in the gill could be passed on to new generations of S. velum if symbionts migrate from the gill to colonize developing oocytes. This is similar in principle to how the bacterial symbionts of lice migrate from Intrahost Genetic Diversity of Bacterial Symbionts . doi:10.1093/molbev/msx188 MBE the adult mycetome to colonize oocytes (Perotti et al. 2007) and how Buchnera, the primary symbionts of aphids, migrate to brooded embryos (Braendle et al. 2003) . Movement between tissues could induce a reduction in genetic diversity independent of the transmission bottleneck, as has been reported for intrahost populations of the Dengue virus transferred between hosts and host tissues (Sim et al. 2015) . These are just some of the possible mechanisms generating and maintaining genetic variation in symbiont populations within host individuals. More information is needed about the cellular and developmental routes of symbiont transfer in marine invertebrates in general, and S. velum in particular, before any more can be known about how genetic variation is generated and perpetuated in individual hosts in these associations.
Functional Consequences of Intrahost Variation
Variant haplotypes may persist in intrahost populations due to selective advantage or via neutral processes. The symbiont pathways enriched for variant sites within S. velum exhibited limited overlap with those enriched between hosts, suggesting that different evolutionary pressures act at these different scales. It is possible that some genetic variants provide functional benefit within the intrahost environment. For example, microscopic evidence suggests that the gill environment is quite heterogeneous. Cells at the base of gill filaments are much closer to the mucus-producing hypobranchial gland than cells towards the tips (personal observation, SLR), which could result in different accessible concentrations of O 2 and H 2 S along the filaments.
We hypothesize that recombination randomly breaks up an introduced symbiont genome into fragments of the original haplotype which can become integrated in the recipient symbiont genome, producing novel haplotypes. A small subset of these different haplotypes could subsequently become adapted to particular regions of the gill, enabling their persistence in the population. In support of this idea, two distinct symbiont 16S rRNA genotypes have been observed to exhibit specific localization patterns in the gills of thyasirid clams (Fujiwara et al. 2001 ). However, in S. velum intrahost populations, finding no GO term enrichment in some of the variant gene sets, and the limited overlap in GO terms among sets suggests that these variant haplotypes may have arisen by chance, are selectively neutral (see also Renzette et al. 2016) , and have not yet been lost from or fixed in the population. However, selection acting below the unit of the functional category cannot be ruled out with these analyses alone.
The persistence of multiple symbiont haplotypes within a host could allow selection to act within host tissues to purge deleterious mutations and select for advantageous ones. Numerous intracellular obligate symbionts exhibit evidence of weak purifying selection, producing an excess nonsynonymous mutations, resulting in pseudogenes in the short term (Oakeson et al. 2014) , and genome erosion in the long term (Bennett et al. 2016; Moran et al. 2009 ). However, not all obligate intracellular symbionts, the S. velum symbiont included (Dmytrenko et al. 2014) , exhibit these signs of erosion. One potential explanation is the accumulation of deleterious mutations may be prevented by the influx of novel genetic diversity introduced via horizontal transmission followed by recombination. In addition to being an outcome of deleterious mutation accumulation, genome erosion in bacteria can also be an adaptive process. Bacterial genomes are prone to streamlining by losing genes and becoming auxotrophic for processes supplemented by other sources (biological or inorganic) in the ecosystem (Giovannoni et al. 2014; D'Souza et al. 2014 ). Symbiotic bacteria often lose genes for functions supplied by the host (Bennett et al. 2014 ), but evolving complementary gene sets with other symbionts coinhabiting the host (L opez-Madrigal et al. 2014; Rao et al. 2015) . For example, in the aphid Cinara cedri the primary symbiont, Buchnera, has lost some functionality that is now fulfilled by a former secondary symbiont, Seratia symbiotica (Lamelas et al. 2011; Manzano-Mar ın and Latorre 2014) . Complementation can also occur from one ancestral genome, producing two, nonidentical but complementary genomes, as has occurred in bacterial symbionts of cicadas (Van Leuven et al. 2014) . The introgression of novel symbiont haplotypes into intrahost populations has the potential to produce variants adapted to different conditions, which could lead to complementation. Thus, recombination between symbionts in mixed infections could provide the raw material for purifying selection, intrahost adaptation, and potentially symbiont complementation.
Materials and Methods
Collections, Sequencing, and Genome Assembly A subset of S. velum gill specimens from Russell et al. (2017) (NCBI BioProject PRJNA353273) were sequenced to highdepth of coverage with Illumina sequencing in the original study (total host specimens: n ¼ 29; number of specimens from each subpopulation: MA ¼ 2, RI ¼ 10, NJ ¼ 5, MD ¼ 6, NC ¼ 6; see supplementary table S1, Supplementary Material online for specimen designations). Briefly, adult S. velum were collected from intertidal-subtidal sediments along the east coast of North America ( fig. 2A and supplementary table S1, Supplementary Material online), rinsed with 0.2 mm filtered seawater, sterilely dissected, placed in 100% ethanol, flash frozen, and stored at À80 C. Gill DNA was extracted with the DNeasy Blood and Tissue kit (Qiagen). Genomic DNA was sheared to 350 bp (Covaris S220) and Illumina paired-end libraries were made using NEXTflex adapters (Bioo) either on the Apollo 324 System (Wafergen) using the PrepX ILM kit (IntergenX) or using a custom protocol . Libraries were pooled and paired-end sequenced on the Illumina HiSeq2000 or HiSeq2500 platform (Bauer Core Facility, Harvard University)(see supplementary table S1, Supplementary Material online).
Reads were mapped to symbiont (Dmytrenko et al. 2014 ) and mitochondrial (Plazzi et al. 2013 ) reference genomes with Stampy 1.0.18 (Lunter and Goodson 2011) . Alignments were processed with SAMTools 1.0 (Li et al. 2009 ), optical duplicates were removed with Picardtools (http://broadinstitute. github.io/picard/) and coverage was calculated with Bedtools 2.18.1 (Quinlan and Hall 2010) . Indel realignment was Russell and Cavanaugh . doi:10.1093/molbev/msx188 MBE performed with the Genome Analysis Toolkit (GATK, version 3.2-2). Pileup files, reporting alignment information by genome position, were generated with mpileup in Samtools 1.0 (with parameters: -count-orphans and -max-depth 1000).
Variant Calling
Approach
As every read at a given position in each sequenced library originated from a different symbiont genome, variants were called from the pileup files directly to leverage this information. Custom perl scripts were used to perform the following filtering and output SNP allele read counts and pairwise nucleotide diversity (see below) by position: Positions within 5 bp of an indel were removed to avoid erroneous calls generated by incorrect indel alignment. To exclude regions containing potential duplications or repetitive regions relative to the reference, sites were filtered within the average genomewide coverage 6 one standard deviation. Lastly, to exclude sequencing errors, the 99% confident read coverage depth for an accurate variant call was calculated for each variant site from the cumulative binomial distribution:
With p equal to a per-site error rate of 1% (Illumina error rate [Quail et al. 2008; Reumers et al. 2011]) , n equal to the coverage at the site, and i equal to the minor allele count starting with 0 and adding one with each summation until Pr ! 0.99. The final value of i (i.e., k) was used as the minimum read depth required for an alternate allele call at that site, with an absolute minimum of five at any site.
Variant sites for symbionts from different host individuals were identified from consensus sequences called with the Unified Genotyper in the Genome Analysis Toolkit for S. velum individuals (from Russell et al. 2017 ) using a custom perl script.
Validation of Methodology
Variant calls were confirmed with additional software. Both Population (Kofler et al. 2011 ) and the GATK's Unified Genotyper (DePristo et al. 2011 ) require the ploidy of the specimen to be known. Symbiont ploidy is equal to the number of symbiont lineages present per host, but is difficult to measure and introduces computational challenges because it is potentially very large. A lower bound estimate can be obtained by using the number of symbionts per host cell, as this is a first-order organizational constraint on intracellular symbiont reproduction and dispersal. This number was estimated from the ratio of host nuclear coverage to symbiont genome coverage. Given that symbionts occur in roughly half of gill cells (personal observation, SLR) and there are two copies of the nuclear genome per host cell, the average ratio of symbiont coverage to nuclear coverage was 100:1 (symbiont copies/cell/(2 nuclear copies/cell * 0.5 cells) ¼ coverage ratio), indicating that there are roughly 100 symbionts per cell. This number is consistent with estimates made from solemyid cell morphology (Cavanaugh 1983; Krueger et al. 1996; Taylor et al. 2008 ) and for other chemosynthetic symbioses (Halary et al. 2008; Brissac et al. 2009; Decker et al. 2013) . Population diversity statistics and variants were called with ploidy of 100 using Population and GATK, obtaining similar results to the pileup method described above, except that these methods did not exclude regions of anomalous coverage and GATK did not exclude sites around indels. In addition, EVORhA (Pulido-Tamayo et al. 2015) detected multiple haplotypes, corroborating evidence of mixed infections.
False-Positive Test for Diversity Detection
The level of mitochondrial diversity within each host specimen was investigated to confirm that the diversity of this uniparentally transmitted genome is low . Mitochondrial alignments were processed as described for symbionts.
Evaluation of Diversity Detection
To evaluate the extent of intrahost diversity observed by the sequencing coverage of each specimen, rarefaction curves were computed. Alignment coverage was subsampled randomly at 1, 5, 10, 20, 30, 50, 70 , and 90% coverage with the view command in SAMTools 1.0 (Li et al. 2009 ). Alignments were converted to pileup files for variant calling. Variants were tallied for each subsample and plotted against subsample size by fraction and absolute coverage in R (R Core Development Team 2012) . Allele frequency spectra were also computed for each subsample.
Analysis
Genome-Wide Pairwise Nucleotide Diversity Genetic diversity was measured by calculating pairwise nucleotide diversity (p) (Nei and Li 1979) by site and averaging across 10 kb nonoverlapping windows:
Where n is the total number of individuals sampled, x i is the number of individuals with allele i, a is the total number of sampled alleles at site j of l total sites, and L is the sequence length. Diversity was calculated within host specimens from the Illumina read alignments and between hosts from alignments of whole-genome consensus genotypes.
Allele Frequency Spectra
Folded allele frequency spectra (AFS) were calculated from allele counts and the distributions were plotted using the hist function in R (R Core Development Team 2012) . For each set of intrahost segregating sites, three sets of AFS were plotted and overlain in the following order: 1) the full set of segregating sites (gray), 2) the subset of sites segregating in the entire between-host population (in white), and 3) the subset segregating in different hosts from the same geographic locality as the sample (in color according to fig. 2 ).
Intrahost Genetic Diversity of Bacterial Symbionts . doi:10.1093/molbev/msx188 MBE Simulated Mixed Infection Mixed infections were simulated by mixing symbiont consensus sequences called from different host individuals. Mixtures were generated using reads simulated from consensus sequences rather than reads from the samples themselves to produce samples consisting of exactly two genotypes, opposed to an unknown mixture. Symbiont consensus sequences for MA16, MA36, RI38, RI39, RI53, NC9, NC12, and NC22 (from Russell et al. 2017 ), which range from 99.916% to 99.987% identical, were used to generate simulated Illumina read sets with wgsim (150 bp reads, 2 Â 10 6 reads/specimen, 350 bp mean insert length, 0.01 error rate; Li et al. [2009] ) with sequencing errors, as well as without. These reads were mapped to the reference symbiont genome with Stampy as described above. These pseudo-monoclonal samples were mixed in 10/90, 20/80, and 30/70 ratios, and variants were called and analyzed as described above. Variants were also called from alignments of mixed and unmixed simulated reads with no errors to assess the efficacy of variant call filtering on alignment error.
Variant Linkage
To test whether the alleles contained in the observed allele frequency modes were derived from the same chromosomes, and thus constituted novel haplotypes, read linkage patterns were investigated. Alleles within frequency modes (mean of mode 6 4%) were extracted, plotted by relative position along the genome and tested for presence on the same read or read pair with custom perl scripts. Each alignment file was parsed read-by-read, recording reads aligning to variant site positions. For each read pair, the number of variant sites contained in the pair was divided by the number of variant sites within the read pair range to compute the fraction of variant sites found on the same chromosome. The significance of the variant distribution among reads was calculated with the chi-squared test using the Statistics::Distributions perl module, with degrees of freedom equal to the number of variants in range minus 1, and a 5% significance cutoff. Expected values (chance of observing all variants sites on one read pair by chance) were equal to the product of variant allele frequencies within the read range. Recombination events can be inferred from finding sections of alleles in linkage, as they all have much of the same sequence across the rest of the genome and therefore require a recombination event into the background genotype to produce the observed haplotype.
Haplotype Functional Analysis
Gene ontology (GO) terms were annotated in the S. velum symbiont reference genome using Blast2GO (Conesa et al. 2005) . Blast results for amino acid sequences for each gene were obtained with command line blast (blastp, e-value 1e-6). Genes with high numbers of variant sites were identified for two partitions of the data: variant sites in intrahost allele frequency modes and intrahost populations. Gene sets exhibiting high amounts of variation were tested for over enrichment in specific functions relative to the reference genome by gene ontology analysis in Blast2Go (implementing the protocol in Al-Shahrour et al. [2004] ). Both P values and false discovery rates (FDR) were calculated, and results were filtered by FDR < 0.05. Enrichment results were compared between gene sets variant in intrahost populations and between hostpopulations to assess whether these results are largely independent, or if intrahost enrichment is a byproduct of betweenhost enrichment. The abundance of variant gene functional types was also investigated by comparing gene product abundances and visualized with word clouds (woordle.net).
Substitution effects on coding sequences were predicted for the S. velum symbiont (dN/dS). To calculate dN/dS, coding sequences from the S. velum symbiont reference sequence were aligned to their homologs in its closest known relative, the Solemya elarraichensis symbiont ) with the codon-aware aligner, MACSE (Ranwez et al. 2011) . Coding sequences were included only if they consistently mapped with average coverage in the majority of samples. Homologs in the S. elarraichensis symbiont genome were identified by bestreciprocal-blast-hits (Moreno-Hagelsieb and Latimer 2008) . dN/dS values were calculated for the S. velum symbiont coding sequences in codeml in PAML version 4.8 (Yang 2007) , using default parameters to estimate omega and calculate the log likelihood of omega for the estimated as well as a fixed omega of 1.
All perl scripts used in these analyses are available at https://github.com/shelbirussell/Russell-and-Cavanaugh-2017.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
